Results from studies on the ternary system Ribaué kaolin---Carapira feldspar---Marracuene quartz sands were used to test a procedure that we developed for calculation of the energy requirement for firing porcelain. Results obtained vary between 1300 and 1800 kJ/kg porcelain. These results differ largely from the ones obtained using Hennicke's procedure.
INTRODUCTION
We used in the present work part of the results obtained in laboratory experiments for production of porcelain from Ribáuè kaolin-Carapira feldspar-Marracuene sands to test a procedure that we developed for calculation of the energy requirement for firing porcelain.
In analogy with the definition adopted in [1] [2] [3] , the energy requirement for firing porcelain can be defined as the enthalpy change associated with the transformation of the raw materials (feldspar, quartz and kaolin) at room temperature T room , into the final product (porcelain), at a temperature T final , and can be described by following equation (1+b) kg raw materials (T room ) 1 kg porcelain (T final ) + b kg gas (T final ) H°(T)
The determination of H°(T) has received a special attention since H(T) represents the fraction of the amount of energy supplied to the kiln that is used in the transformation of raw materials into the final products. The remaining parts of the supplied energy represent a) the amount lost by the gases leaving the kiln at a high temperature and b) the amount lost through the kiln structure (walls and other kiln elements).
The enthalpy change H°(T) includes the energy necessary to raise the temperature of raw materials and intermediary phases, formed during the process, until their reaction or transformation temperatures, the correspondent heats of reaction or transformation, melting enthalpy of certain components, solution and mixing enthalpies.
A review of available literature show that this thermodynamic quantity has received some attention in the case of glass and cement production [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] , while for porcelain we found only Hennicke's estimate of this quantity [12] . This may be attributed to the grater experimental difficulties by the experimental determination of H°(T) in the case of porcelain.
H°(T) has been experimentally measured for glass [1, 5, 7, 9] and cement [11] using calorimetric methods. The use of a similar procedure for porcelain do not give good results, basically because of the long firing programme adopted for porcelain and the strong dependence of the composition of the fired product (porcelain) from the firing programme adopted.
For that reason attempts are made here to develop a procedure for calculation of this quantity. In order to achieve this objective it is important:
1. To characterize very well the raw materials and the fired products (porcelain). These represent the initial and final (thermodynamic) state and are necessary in each determination of an enthalpy change related to a certain process. Characterization of raw materials and final products was carried out using X-ray fluorescence, X-ray diffraction and rational analysis. The amount and composition of the vitreous phase present in the fired porcelain was calculated as a difference of the amount and composition of final product and of all crystalline phases present in porcelain. 2. To connect the initial and final state by thermochemical equations. The sequence of thermochemical equations suggested was derived from results of firing experiments carried out with our samples and from results of studies carried out by Hennicke [12] , Brindley and Nakahira [13] , Lundin [14] , Sch ller [15] and Schmidt [16] about transformations occurring during firing of porcelain. Thermochemical data necessary for the calculations were basically extracted from Knacke et al. [17] . Data not available in this publication were taken out from Spencer [18] , Babushkin et al. [7] , Hennicke [12] and Conradt [8] .
During the development of this procedure, and based on the periodicity of chemical properties, we treated feldspar on one side as K-feldspar and on the other side as a mixture of Kand Na-feldspar. Since K 2 O.Al 2 O 3 .6SiO 2 and Na 2 O.Al 2 O 3 .6SiO 2 are feldspars formed by two group I elements, we expected both types of feldspars to have a similar contribution on the value of the energy requirement.
EXPERIMENTAL

Transformations assumed in our procedure
The results of the chemical composition and rational analysis of the raw materials (see Table 1 and 2, respectively) show that Marracuene sand contains 99.44% quartz, Carapira feldspar contains 97.88% feldspar (divided in 72% K-feldspar and 26% Na-feldspar) and 1.58% quartz, and Ribáuè kaolin contains 71.11% kaolinite, 20.61% Na-feldspar and 9.20% quartz. Table 2 . Rational analysis of the raw materials in mass %.
The characterization of the fired samples gave the mineralogical composition presented in Table 3 . While quartz and mullite were obtained from quantitative X-ray diffraction, the amount of vitreous phase was obtained from the difference: % vitreous phase = 100% -% crystalline phases present. The fired samples were prepared from batches with the compositions given in Table 4 . -The mullite, silica and water obtained in equation (2) are heated up to final temperature. Part of the mullite is dissolved in the feldspar melt. The amount of mullite dissolved is obtained as the difference of the amount of mullite obtained by the decomposition of kaolinite minus the mullite determined by XRD. -Quartz (99.44% from Marracuene sand, 1.58% from feldspar and 9.20% from kaolin) is heated up to the final temperature T. Part of it is dissolved in the feldspar melt. The amount dissolved in the feldspar melt is calculated as the difference of the total amount of quartz minus quartz determined by XRD in the fired samples and that existent in mullite. -Feldspar melts at about 1100 ºC and dissolves part of the quartz and mullite. It forms the basis of the vitreous phase present in porcelain.
The transformations described here represent a simplification of the real mechanism, a choice assumed for simplicity and convenience in using available thermodynamic data, and based on the fact that H is a state function. For that reason, its determination depends only from knowledge of the initial and final state and not necessarily from the steps that the process undergoes.
Procedure for calculation of the energy requirement
In our procedure and based on Hess's law, H°1(T) is calculated as a sum of the H-values of the thermochemical equations suggested here to connect the initial and final state. We consider here following contributions to the ∆H°1(T) values:
Decomposition of kaolinite. Decomposition of kaolinite at room temperature is given by equation (2) . The enthalpy effect associated to equation (2), ∆H°2(298K), is calculated from standard enthalpies of formation products and reactants
Transformation of feldspar. Feldspar at room temperature, T initial , is transformed in a melt of the same composition at a temperature T = T final . In the case of K-feldspar, this process is represented by following equation
For a better use of available data and since the vitreous phase is formed during cooling of the melt, equation (4) was divided in 2 steps: a) Transformation of crystalline K-feldspar into its vitreous form at room temperature
b) Heating up the vitreous phase formed until formation of a melt at a temperature T = T final .
The enthalpy change associated with the transformation of the feldspar is then given by the relation
6 . . (7) In case of Na-feldspar equation (7) assumes the form
6 . . (8) Transformation of mullite. The enthalpy change corresponding to the transformation (heating up to T final ) of the mullite present in crystalline form is given by
2 . 3 (9) For mullite dissolved in the melt last equation is extended to include thermal effect during dissolution. In analogy to equation (7), equation (10) is written as following
Transformation of quartz. Hereby we consider quartz coming from Marracuene sand, feldspar, kaolin and from decomposition of kaolinite in equation (2) . Like in the case of mullite, we consider here two fractions: a) quartz present in crystalline form and b) quartz dissolved in the melt that originates the vitreous phase. a) Transformation of quartz present in crystalline form follows equation (11) α-SiO 2(crist) (T room ) → β-SiO 2(crist) (T) ∆H b) For quartz dissolved in the feldspar melt one has to consider additionally the heat of dissolution. Equation (12) is extended to include this effect
+ H°d issol (13) The energy necessary to raise water temperature from room temperature up to the final temperature T is given by
The energy requirement is obtained as a sum of the contributions of ∆H values in equations (3), (7), (8), (9), (10), (12), (13) and (14) . We neglected hereby the mixing enthalpy of Na-and Kfeldspar, since both compounds are similar: Na 2 O and K 2 O have a mole fraction of 1/8 in the respective feldspars; they are elements of the same group and are expected to have a similar behaviour: Table 5 and 6. They have been taken basically from Knacke et al. When data for a certain transformation were not available we used the further sources indicated in Table 5 and 6. [17] . 2 Extracted from [19] . 3 Extracted from [18] . 4 Extracted from [12] . T +c.10 6 T -2 .
RESULTS AND DISCUSSION
∆H values calculated for the samples prepared from compositions in Table 4 are resumed in Table 7 . 
